Pactamycin, although putatively touted as a potent antitumor agent, has never been used as an anticancer drug due to its high cytotoxicity. In this study, we characterized the effects of two novel biosynthetically engineered analogs of pactamycin, de-6MSA-7-demethyl-7-deoxypactamycin (TM-025) and 7-demethyl-7-deoxypactamycin (TM-026), in head and neck squamous cell carcinoma (HNSCC) cell lines SCC25 and SCC104. Both TM-025 and TM-026 exert growth inhibitory effects on HNSCC cells by inhibiting cell proliferation. Interestingly, unlike their parent compound pactamycin, the analogs do not inhibit synthesis of nascent protein in a cell-based assay. Furthermore, they do not induce apoptosis or autophagy in a dose-or a time-dependent manner, but induce mild senescence in the tested cell lines. Cell cycle analysis demonstrated that both analogs significantly induce cell cycle arrest of the HNSCC cells at S-phase resulting in reduced accumulation of G 2 /M-phase cells. The pactamycin analogs induce expression of cell cycle regulatory proteins including master regulator p53, its downstream target p21 Cip1/WAF1 , p27 kip21 , p19, cyclin E, total and phospho Cdc2 (Tyr15) and Cdc25C. Besides, the analogs mildly reduce cyclin D1 expression without affecting expression of cyclin B, Cdk2 and Cdk4. Specific inhibition of p53 by pifithrin-α reduces the percentage of cells accumulated in S-phase, suggesting contribution of p53 to S-phase increase. Altogether, our results demonstrate that Pactamycin analogs TM-025 and TM-026 induce senescence and inhibit proliferation of HNSCC cells via accumulation in S-phase through possible contribution of p53. The two PCT analogs can be widely used as research tools for cell cycle inhibition studies in proliferating cancer cells with specific mechanisms of action.
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Introduction
Head and neck squamous cell carcinoma (HNSCC) is the sixth most common form of cancer in the world, accounting for 4% of all cancers in the United States [1, 2] . However, the lack of a significant increase in overall survival, cancer recurrence and unsuccessful treatment continues to crop up in a significant proportion of patients [3] . In spite of developing large number of synthetic drugs to target HNSCC [4] [5] [6] [7] , survival rates for HNSCC have remained fairly unaltered in the past three decades [8] . Synthetic drugs like cisplatin, carboplatin, methotrexate, 5-fluorouracil, paclitaxel, imatinib and cetuximab, in spite of showing variable degrees of efficacy, have been reported to cause deleterious side effects extensively [9] [10] [11] [12] [13] . Therefore, it is imperative to develop novel sustainable drugs that can be securely incorporated into current HNSCC treatment regimens, improving both tolerability and efficacy of treatment. In recent years, various natural products, used alone or in combination therapy, have demonstrated potential in cancer prevention [14, 15] . The anticancer effects of these compounds were achieved either via cell cycle arrest, apoptosis, and autophagy or by induction of senescence [16] [17] [18] [19] .
Pactamycin (PCT), a reputed natural product (isolated from Streptomyces pactum) that was first reported in the 1960s [20, 21] , is a structurally unique antibiotic possessing strong antimicrobial [22] , antitumor [23] , anti-viral [24] and anti-protozoal [25] activities. Although PCT has been extensively studied for its antitumor potential, its use as an effective anticancer drug was compromised by its extensive cytotoxicity [21, 26] . For many years, efforts to obtain derivatives and analogs of PCT by standard synthetic organic chemistry approaches were hampered, mostly due to it complex chemical structure [21] . However, the recent total syntheses of PCT in sufficient quantities [26] [27] [28] [29] and its synthetic derivatives [30] augur well for expanding the range of analogs for further testing. Using biosynthetic engineering approach, we have developed two novel PCT analogs, de-6MSA-7-demethyl-7-deoxypactamycin (TM-025) and 7-demethyl-7-deoxypactamycin (TM-026). We have demonstrated that both compounds are biologically active and nearly thirty times less toxic towards mammalian cells than their mother compound PCT [21] . The main aim of this study was to investigate the effects of TM-025 and TM-026 in HNSCC, and elucidate their mechanism(s) of action at the cellular and molecular level.
Materials and Methods

Reagents and kits
TM-025 and TM-026 were synthesized and characterized as described earlier [21] . CellTiter 96 Non-Radioactive MTT assay kit (#G4000) and DeadEnd Fluorometric TUNEL System kit (#G3250) were purchased from Promega Biosystems, CA. Click-iT protein Reaction Buffer Kit (#C10276) was obtained from Life Technologies, Inc., OR). Propidium iodide (1mg/ml) (#40017) was procured from Biotium, Inc., CA. Dnase I (RNase-free) (#79254) was obtained from Qiagen Inc., CA. RNase A (10mg/ml; DNase and protease-free) (#EN0531) was purchased from Fermentas Inc., MD. The remaining chemicals and solvents used were of standard analytical and HPLC grade. p53 inhibitor pifithrin-α hydrobromide (PFT) (#1267) was purchased from Tocris R&D Systems, MN. siRNA for Cdc2 (sc-29252) and control siRNA (sc-37007) were purchased from Santa Cruz Biotechnology Inc., CA.
Castle, UK), rabbit polyclonal to p85 fragment of PARP (#G734A, Promega, Madison, WI) and cyclin B (BD #61029; BD Biosciences, San Jose, CA) were procured from their respective manufacturers. Rabbit polyclonal to cleaved caspase-3 (#9661), p21
Cip1/WAF1 (#CS2947), 
MTT assay
The SCC25, SCC104 and HPEK cells (1.8 × 10 4 / well in 200 μl culture medium in a 96-well plate) were treated with different doses (1, 10, 100, 500, 1000 and 5000 nM) of TM-025 and TM-026 for 24, 48 and 72 h. Percentage viability of cells was evaluated by the MTT assay, a putative test that evaluates formazan formation [32, 33] , for computation of mitochondrial succinate dehydrogenase activity as an estimate of live cells [34] . The experiment was performed using the Cell Titer 96 Non-Radioactive MTT assay kit (Promega Biosystems, CA), according to the manufacturer's instructions. Cells treated with DMSO (1 μl per 200 μl medium) were considered as control groups (vehicle). End-point absorbance was determined at 570 nm (with a 650 nm reference) using a Synergy HT Multi-Mode Microplate Reader (BioTek U.S., VT). The percentage viability of cells were calculated estimated using the following formula: % viability = (A T / A V ) × 100, where A V is the absorbance of the vehicle-treated control group and A T is the absorbance of the test samples (TM-025/TM-026-treated).
Detection of nascent protein synthesis
Click-iT protein Reaction Buffer Kit (#C10276; Life Technologies, Inc., OR) was used to detect synthesis of nascent protein, using manufacturer's instructions. Briefly, SCC104 cells were grown in methionine-free medium for 1 h at 37°C, followed by the addition of 50 μM Click-iT AHA reagent. Simultaneously, TM-025/TM-026/PCT was added and treated for 30 and 90 min. Specific lysis buffer, as per the instruction manual, was used for preparing the protein lysates. Equal amount of proteins (40 μg) obtained after vehicle or PCT analog treatment, were incubated with Click-iT reaction buffers for different time point. The extent of biotinylation was measured by Western blot, using a streptavidin-HRP conjugate and chemiluminescent substrate.
Immunocytochemistry (ICC) analyses
Cells were seeded (2 × 10 5 ) in each well of 6-well plates and allowed to adhere for 24 h. The cells were then treated with 0, 1, 5, 10, 20 or 50 nM of TM-025 or TM-026 (in culture medium) for 48 h, after which they were fixed with acetone-methanol (50:50). Fixed cells were stained for proliferation marker Ki67 using anti-Ki67 antibody and labeled with Cy3-tagged secondary antibody for visualization under a fluorescence microscope (Zeiss Axio Imager Z1, Carl Zeiss, NY). DAPI was used as a counter-stain. Cells were quantified using the ImageJ software (NIH, USA). Furthermore, for the time-kinetics assay, similar treatments were carried out for 24 h in the squamous carcinoma cells. In order to label S-phase cells, bromodeoxyuridine (BrdU) (10 μM final concentration in culture medium) pulse labeling was performed on cells (SCC25, SCC104 and HPEK) treated with 0, 1, 10 and 50 nM of TM-025 or TM-026 for 48 h, fixed and analyzed by ICC [35] . An anti-BrdU antibody was used to detect BrdU incorporation, indicating cells that were actively replicating their DNA [36] .
Cell cycle analysis by flow cytometry
Cell cycle analysis was performed by flow cytometry, following a previously described protocol [37] , with a few modifications. In brief, SCC25 and SCC104 cells were treated with 1, 10 and 50 nM of each of the PCT analogs for 24 h. The cells were then fixed with ice-cold 70% ethanol (overnight at -20°C), permeabilized with 0.1% Triton X-100 (in PBS), treated with RNase A and stained with propidium iodide. The DNA content was analyzed with a Flow Cytometer (Beckman Coulter, Inc., CA). The cell cycles were analyzed using MultiCycle for Windows (Phoenix Flow Systems, AZ). DMSO (vehicle)-treated cells were considered as the control group. Simultaneously, time-kinetics (1 nM of TM-025/TM-026 for 24, 48 and 72 h) and a dose kinetics (0, 1, 10 and 50 nM of TM-025/TM-026 treatment for 24 h) studies were done to observe changes in the facets of cell cycle progression.
p53 inhibitor (PFT) experiments
PFT (50 nM) was added to the cells with~50% confluency for pre-incubation. TM-025 and TM-026 were added 24 h after addition of PFT, and incubated for 72h. Vehicle was used as control. PFT was continued to be added every day until the cells were harvested at 72 h (total PFT concentrations were therefore 200nM). In order to confirm the inhibition of p53, whole cell lysates were prepared and western blot analyses were performed for p53 expressions as described below. Cell cycle analysis by flow cytometry was performed to analyze the effect of PFT on S-phase arrest as described above under cell cycle analysis protocol.
Small interfering RNA (siRNA) treatment
We have analyzed the role of Cdc2 in cell cycle arrest using Cdc2 si-RNA and the scrambled siRNA as control (si-Con). Transfections were performed by modifying the methods as described [38] . Briefly, SCC25 cells were seeded in petri dishes, and transfections were performed when they reached~30-50% confluency. 100 nmol of si-Cdc2 and si-Con were used according to the manufacturer's instructions and were harvested at 48 h for western blot analysis to check the efficiency of Cdc2 knock-down, and cell-cycle analysis to determine effects of knock-down on S-phase arrest.
Apoptosis, PARP cleavage and caspase-3 activation assay TUNEL assay was performed according to manufacturer's instructions, using the DeadEnd Fluorometric TUNEL System kit (Promega Biosystems, CA) to determine apoptosis [39] in SCC25, SCC104 and HPEK cells treated with 50 and 100 nM of TM-025 or TM-026 for 24 h. Activation of apoptosis by cleavage of PARP [40, 41] and caspase-3 was also determined by western blot in cells treated with a high dose (1 μM) of TM-025 and TM-026 for a period of 72 h [42, 43] . For the cleaved caspase-3 and PARP cleavage study, commercially available caspase-3 control cell extract (#9663; Cell Signaling Technology, MA) was used as a positive control.
Autophagy analysis
Autophagy was determined by detecting levels of LC3-I and LC3-II cytosolic proteins by Western blot. The LC3-II:LC3-I ratio, determined and compared with that of rapamycin-treated cells (positive control), revealed whether the PCT analogs cause autophagy in cells [44, 45] . The cells were treated with pepstatin A to protect the endogenous LC3 turnover from being destroyed by lysosomal hydrolases [17] . The proteins (LC3-I and LC3-II) were probed by an anti-LC3 monoclonal antibody, and detected protein bands were quantified using Multi Gauge v2.3 gel image analysis software (Fujifilm Corporation, Tokyo).
Senescence assay
Senescence-associated β-galactosidase (SA-β-gal) activity, which is a known characteristic of senescent cells (not observed in pre-senescent, quiescent or immortal cells) [46] , was estimated as described [47] . Briefly, sub-confluent cultures of SCC25 and SCC104 cell lines were maintained in 6-well plates and treated with 200 nM of TM-025 and TM-026 for 72 h. Following incubation, cells were fixed and subjected to SA-β-gal staining solution and the intracellular blue insoluble precipitate in the cell was visually observed [47] . Long-term treatment in SCC25 cell line was done with 500 nM of the PCT analogs for 4 days, followed by replenishing fresh medium with the compound in one set and only with fresh medium in another set. SA-β-gal staining was then performed in both the treatment groups mentioned above. Images were taken at 20X magnifications using Leica DME microscope (Leica Microsystems Inc., IL) fitted with Leica DFC280 digital camera (Leica Microsystems Imaging Solutions Ltd., Cambridge) and analyzed using Leica Application Suite v3.3.0 (Leica Microsystems Ltd., Switzerland) and Adobe Photoshop CS4 (Adobe Systems Inc., CA). These experiments were repeated three times.
Western blot analyses
Western blot analyses were performed with lysates of SCC104 cells. Protein concentrations were measured using the BCA protein assay kit (Pierce Chemical Co., Rockford, IL). Cell lysates were electrophoresed in 10% SDS-PAGE and transferred onto nitrocellulose membrane (GE Water & Process Technologies, PA) by electro-blotting. Membranes were blocked with 5% non-fat milk (in 1% TBS-T buffer) for 30 min at room temperature and then probed with specific antibodies against the investigated proteins. Peroxidase-tagged secondary antibodies were employed to detect protein bands using the ECL Western blotting substrate (GE Water & Process Technologies, PA). Protein bands (that were detected on X-ray films) were scanned and their intensities were quantified using Multi Gauge v2.3 gel image analysis software (Fujifilm Corporation, Tokyo) and normalized using β-actin as control. The quantified value for each band was used to extrapolate the percentage change in expression of the protein (due to TM-025/TM-026 treatment) in a two-step normalization method: 
Statistical analyses
All analyses were carried out in triplicates. Data are presented as mean ± SEM (standard error of mean). Statistical analyses were performed by one-way ANOVA to determine significant differences between groups at p<0.05. Estimated correlations were also tested for significance (by two-tailed unpaired t-test) at the same confidence limit. MATLAB v.R2010 (Natick, MA), GraphPad Prism 5.00 (La Jolla, CA) and Microsoft Excel 2007 (Roselle, IL) were used for the statistical and graphical evaluations.
Results
TM-025 and TM-026 inhibit growth of HNSCC cells (SCC25 and SCC104)
We hypothesized that PCT analogs TM-025 and TM-026 inhibit cellular growth and proliferation. Dose-dependent and time-dependent MTT assays were performed to determine the effects of the PCT analogs on the viability of HNSCC cells. 
PCT analogs do not inhibit protein synthesis
We have previously observed that the PCT analogs were less cytotoxic and did not share some of the functional characteristics of the parent compound [21] . A general inhibition of protein synthesis is one of the reputed functions of PCT [20] . In order to test whether its analogs, TM-025 and TM-026, function similarly as a general inhibitor of protein synthesis, we analyzed their ability to inhibit synthesis of nascent protein using the Click-iT azide-alkyne streptavidin HRP reaction model, followed by Western blotting (for details see Methods). Immunoblot analyses revealed that, treatment with 100 nM of TM-025 and TM-026, could detect ladders of newly synthesized proteins of various molecular sizes, which were lacking when treated with the same amount of positive control and a known inhibitor of protein synthesis PCT (Fig 2) . The above results indicate that PCT analogs TM-025 and TM-026 do not inhibit protein synthesis, unlike the parent compound PCT.
TM-025 and TM-026 inhibit cell proliferation in a dose dependent manner
To investigate whether the two PCT analogs reduce cell viability by inhibiting cell proliferation, we examined their impact on the proliferation of the SCC25 and SCC104 cell lines. To that end, expression of Ki67, a mammalian nuclear protein that has been used as a marker of cell proliferation [48, 49] , was determined by an immunocytochemical approach using anti-Ki67 antibody after 48 h of treatment of SCC25 and SCC104 cells with each of the PCT analogs (for details, see Methods). A significant dose-dependent decrease was observed in proliferation rate in both the cell lines in the range of 1-50 nM for each of the two drugs tested (Fig 3A-3D ).
Post-48 h of treatment with 50 nM TM-025, the percentage of Ki67 + cells in SCC104 and SCC25 cell lines was significantly reduced to 4.811 ± 2.33 and 8.95 ± 2.75 ( Fig 3A and 3B) , respectively. Similarly after TM-026 treatment, the percentage of Ki67 + cells were reduced to 4.68 ± 2.69 and 5.74 ± 2.03 respectively (Fig 3C and 3D) . Therefore, in congruity to the results of the MTT assay, both TM-025 and TM-026 inhibited 80-90% of cell proliferation at a concentration of 50 nM.
To confirm the results of Ki67 labeling, BrdU (a synthetic analog of thymidine) was used to label cells in the S-phase of the cell cycle [16, 50] . Post-pulse labeling of cells with BrdU, we reduced to 12.08 ± 1.32 and 9.13 ± 1.5 and for TM-026 were 9.87 ± 1.84 and 5.00 ± 2.15, respectively. The above results demonstrated that the two PCT analogs inhibit proliferation of HNSCC cell lines in a dose-dependent manner.
PCT analogs do not induce apoptosis or autophagy
In order to determine whether the PCT analogs induce cell death, besides inhibiting cell proliferation, both apoptosis and canonical autophagy assays were performed. Fluorometric TUNEL analysis with TM-025 and TM-026-treated SCC25 and SCC104 cells (100 and 500 nM; 24 h) did not reveal any significant percentage of TUNEL + cells after 24 h of treatment, in comparison to the DNase I-treated positive control [51] (Fig 4A) . Along the same line, western blot analyses of a relatively high dose (1 μM) of TM-025/TM-026-treated (for 72 h) SCC104 cells did not detect any cleavage of caspase-3 (S2 Fig Part A) or PARP ( S2 Fig Part B) , using specific antibodies against anti-cleaved caspase-3 and PARP, respectively. Hence, for the considered doses and treatment time, TM-025 and TM-026 did not induce apoptosis in either of the two HNSCC cell lines. Furthermore, occurrence of autophagy by TM-025 or TM-026 treatment in SCC104 cells was determined by detecting and comparing levels of LC3-I and LC3-II cytosolic proteins by Western blot analyses after drug treatment (Fig 4B) . Rapamycin-treated cells were used as a positive control (Fig 4B) . Neither of the PCT analogs induced any autophagy (up to 100 nM of treatment for 48 h), as illustrated by the LC3-II: LC3-I ratio (Fig 4C) . Altogether, our results suggest that TM-025 and TM-026 do not reduce cell viability via apoptosis or autophagy.
Induction of mild senescence in SCC cells when treated with PCT analogs
Cell cycle arrest is one of the key features of senescent cells in vitro and in vivo [52] . Also, a number of chemotherapeutic agents possess their anticancer activity by inducing senescence in the growth arrested cells [53] . We therefore investigated if the PCT analogs reduce cell viability by inducing senescence in SCC25 and SCC104 cells. Cells were treated with 100 nM of TM-025 and TM-026 for 72 h, followed by SA-β-gal staining in the two SCC cell lines (Fig 5A; 
PCT analogs induce cell cycle arrest and drive expression of regulators of cell cycle progression
We hypothesized that increased cytotoxicity, reduced cell viability, and reduced proliferation after treatment with PCT analogs could be due to inhibition of cell cycle progression. In order to investigate the effect of TM-025 and TM-026 on cellular distribution, we performed cell (Fig 6) . We observed an increase in S-phase from 17% in vehicle-treated to 36% and 27%, along with a concomitant decrease in G 2 -phase from 32% (vehicle treatment) to 15% and 12% in SCC104 cells, after 24 h of treatment with 1 nM of TM-025 and TM-026, respectively (Fig 6A and 6C and S1 Table) . Similarly, an increase in S-phase from 17% (vehicle-treated) to 35% and 48% and a simultaneous decrease in G 2 -phase from 27% (vehicle treatment) to 12% and 2% for SCC25 cells were observed after a 24 h treatment with 1 nM of TM-025 and TM-026, respectively (see Fig 6B and 6D and S1 and S2 Tables). Strikingly, there was a complete loss of G 2 -phase cells when treated with higher concentrations (10 and 50 nM) of TM-025 and TM-026 in the SCC25 cell line (Fig 6B and 6D and S2 Table) . Similarly, a time-dependent (24, 48 and 72 h) trend in S-phase cell-cycle arrest and a reduction or complete loss of G 2 -phase cells were observed in the SCC25 and SCC104 cells after treatment with TM-025 or TM-026 at a concentration of 1 nM (Fig 6E-6H and S1 Table) .
Since the PCT analogs induced cell cycle arrest in S-phase with a loss of G 2 -phase cells (Fig  6) , we examined the effects of TM-025 and TM-026 on the levels of some of the cell cycle regulators, such as cyclins, cell division cycle (Cdc) proteins and cyclin-dependent kinases (CDKs) by Western blot analysis. Our results demonstrated a mild dose-dependent (50 and 100 nM of TM-025/TM-026) reduction of cyclin D1 and moderate induction of cyclin E, with no significant changes in the levels of cyclin B, Cdk2 and Cdk4 ( Figs 7A and S4 Part B) . We also observed considerable augmentation in expression of total Cdc25C, as well as in phosphorylated Immunoblotting showed mild dose-dependent (50 and 100 nM) reduction in the expression of cyclin D1, moderate induction of cyclin E, and no or negligible effect on cyclin B. Both PCT analogs did not cause any change in the levels of Cdk2 and Cdk4, but induced the expression of Cdc2 (Cdk1) and Cdc25C. The analogs significantly augmented phosphorylation of Cdc2 at the Tyr15 residue, thus upregulating the level of phospho-Cdc2(Tyr15), which is an inactive form of Cdc2. Induction was also observed in the expression of phospho-Cdc25C(Ser216) in samples treated with TM-025/TM-026. (Ser216) form of Cdc25C ( Figs 7A and S4 Part B) . Similarly, there was a modest increase in the total Cdc2 protein level and increased phosphorylation of phosphatase Cdc2 at Tyr-15 residue ( Figs 7A and S4 Part B) . Altogether, the above results suggest that both the HNSCC cell lines exhibited an S/G 2 checkpoint arrest, following treatment with TM-025 or TM-026, as demonstrated by significant dose-dependent increase in the percentage of S-phase cells, along with a concomitant decrease in G 2 -phase cells.
In order to confirm the role of Cdc2 in mediating S-phase arrest by TM compounds, we silenced Cdc2 in SCC25 cells using specific siRNA and performed immunoblotting and cell cycle analysis. Immuno-blotting revealed an efficient knockdown of Cdc2 expression induced by TM-025 and TM-026 (Fig 7B) . Surprisingly, Cdc2 silencing failed to abrogate TM-025/TM-026-induced S-phase arrest (Fig 7C) .
p53 has been identified to play an important role in cell-cycle progression, and we have also observed its induction after treatment with PCT analogs. Therefore, to confirm the role of p53 in TM-025 and TM-026 induced S-phase arrest, we used selective p53 inhibitor PFT to block p53 expression and performed cell cycle analysis in SCC25 cells. Our western blot results showed reduction in TM-025 and TM-026 induced p53 expression, post PFT treatment ( Fig  7D) . Corresponding cell cycle analysis showed that addition of PFT was able to reverse the cell cycle block induced by the PCT analogs (Fig 7E) . In particular, PFT treatment reduces S-phase from 30% to 21% in TM-025 treated cells and from 35% to 24% in TM-026 treated cells ( Fig  7E) . Altogether, the above results suggest that PCT analog-induced inhibition of cell cycle is mediated, at least in part, by p53 signaling and not by Cdc2 mediated signaling.
Discussion
We have previously demonstrated that biosynthetically engineered PCT analogs (TM-025 and TM-026) are less toxic than the parent compound PCT towards mammalian cells [21] . In the present study, we demonstrated that the PCT analogs inhibit proliferation and induce senescence in HNSCC cell lines (SCC25 and SCC104). We have further elucidated their mechanisms of action in inhibiting viability of HNSCC cells. Our results confirmed that both TM-025 and TM-026 inhibit growth and reduce viability of cancer cells through possible contribution of the p53 signaling pathway, as well as inducing senescence in those cells (schematically described in Fig 8) .
The effects of the two PCT analogs were tested in two established squamous cell carcinoma cell lines and in normal epithelial cells (HPEK) [58, 59] . Overall, MTT-formazan quantification (MTT assay) showed significant dose-and time-dependent decline in the viability of all three cell lines following treatment with PCT analogs. Results indicated that TM-025 and TM-026 interfere with the propagation and growth of those cells at the S-phase and at a higher concentration induced G2-phase arrest at different timepoints (data not shown). To investigate the cellular mechanisms of TM-025 and TM-026 activity, we analyzed diverse cellular processes, including proliferation, apoptosis, autophagy and senescence. Results obtained from those different assays confirmed that both the PCT analogs inhibit proliferation of the SCC cells, as well as of normal human epithelial cells. Although there are some anticancer drugs which negligibly affect normal cells, most popular anticancer drugs such as 5-fluorouracil (5-FU) and cisplatin also reduce viability and induce apoptosis of normal cells as a collateral effect [60] . However, none of the tested compounds induced apoptosis in HNSCC cells, even after prolonged treatment (72 h) at a higher concentration (1 μM), as evaluated by TUNEL assay or by Western blot analyses for cleaved caspase-3 and PARP cleavage. Activated (cleaved) caspase-3 is a key executioner of apoptosis [61] , while inactivated (cleaved) PARP renders a cell vulnerable to the apoptotic machinery [62] . Although, expression of p53 was upregulated following drug treatment, we did not observe any apoptosis, since p53-induced apoptosis occurs only when an apoptotic threshold is reached [63] , which was probably not attained in those cells.
Expression of microtubule-associated protein light chain 3 (LC3), which is utilized to examine autophagy by detecting conversion of LC3-I to LC3-II, was analyzed in HNSCC cells after drug treatment. The LC3-II:LC3-I ratio, also known as the cytosolic LC3 ratio [64] , was considered as a measure of autophagy. The LC3-II:LC3-I ratio did not reveal a significant induction We observed a dose-dependent S/G 2 arrest in progression of cell cycle after treatment with the PCT analogs. The cell cycle process and entry of cells into mitosis is controlled by Cdc2 kinase [65] . The critical regulatory step in activating Cdc2 during progression into mitosis appears to be dephosphorylation of cdc2 at Thr-14 and Tyr-15 [66] . Activation of Cdc2 via dephosphorylation by the protein phosphatase Cdc25C is a crucial step for cell cycle progression [67] . We observed that TM-025 and TM-026 modestly induced phosphorylation of the Ser216 residue of Cdc25C, thereby rendering Cdc25C inactive [68] . In congruence, an augmentation in the level of total and phospho-Cdc2 was observed, suggesting that Cdc2 signaling might be important to drive the cell cycle arrest. Other authors have obtained similar results previously by treating ovarian carcinoma (Ovcar-3) cells with resveratrol, which induces Sphase arrest via phosphorylation of Cdc2 [69] . A number of other compounds, such as vanadate, certain retinoids and zidovudine, have been previously reported to cause similar S-phase arrest in a variety of cell types [70] [71] [72] [73] . siRNA-mediated silencing of Cdc2 in TM-025 and TM-026-treated HNSCC cells did not abrogate the cell cycle arrest at S-phase. Interestingly, Cdc2 knock-down modestly reduces the accumulation of cells at the G2-phase at higher concentration of the analogs (data not shown). It has been previously shown that the G1/S-phase transition is controlled by two parallel pathways, one being Cdk2 and the other Cdc2. Therefore, inhibition of Cdk2 or Cdc2 alone results in little effect on S-phase but will sensitize the system for inhibition of the other kinase [74] . The lack of any observable effects of Cdc2 silencing on S-phase cells might be due to the role of other regulatory proteins (e.g. p53), associated with the cycling of cells during the S-G2 transition, to mediate the effects of the PCT analogs (Fig 8) .
The process of cell cycle is very tightly integrated and is a critical regulator of cell proliferation and growth and of cell division after DNA damage [75] . There are several key cell cycle regulators that are crucial for proper functioning of the cell cycle, such as cyclins, CDKs [76] and CDK inhibitors (CDKI) [77, 78] . Cdk2 and Cdk4, in complexes with cyclins A and E, respectively, control the S-phase of the cell cycle [79] . Although their expressions were unaltered after drug treatment, expression of p21
Cip1/WAF1 , a crucial inhibitor of cell cycle progression and a downstream target of p53 [80] , was induced after treatment with the PCT analogs. Similarly, expression of p27 kip21 , which has antagonistic effects on S/G 2 cell cycle progression [81] , was enhanced in the PCT analogs treated HNSCC cells. We also observed an increase in p19 expression after treatment with the PCT analogs. p19 overexpression has been reported to induce G1/S phase delay and apoptosis [82] , which were not observed in the PCT treated cells, suggesting an indirect effect of the PCT analogs on p19 expression. The above results suggested that the S/G 2 cell cycle arrest induced by the PCT analogs might be due to contribution of p53 mediated upregulation of p21 Cip1/WAF1 and p27 kip21 in those head and neck cancer cells. In the same line, we showed that PFT, a selective inhibitor of p53, reverses the cell cycle block induced by the PCT analogs and facilitates cell-cycle progression in a dose-dependent manner. Previous studies with PFT have established its role to protect different cells against-p53 dependent apoptosis induced by multitude of stimuli [83] [84] [85] [86] [87] . A recent study established that upregulation of p53 below its apoptotic threshold might drive the cells towards senescence [63] . Interestingly, we observed senescence in HNSCC cells post treatment with the PCT analogs for 72 h. Growth arrest of senescent cells is putatively initiated with the activation of p53 [53] , followed by a canonical upregulation of p21 Cip1/WAF1 [53, 88] . p27 kip21 also reportedly plays a role in causing cellular senescence [56, 57] . PCT analogs might have followed a similar mode of action to induce senescence of HNSCC cells. In our long-term treatment study with higher dose of the PCT-analogs, we observed dramatic changes in cell morphology, such as large flattened cells with increased granularity and multiple nuclei similar to what is seen during mitotic catastrophe, in TM-025 treated cells both in the long term treatment group and after drug withdrawal, but not in the TM-026 treated cells. Those cells were also SA-β-gal + . This suggests that those cells might have undergone mitotic catastrophe at least in TM-025 treated cells, prior to undergoing senescence similar to what was reported earlier for LD doxorubicin-treated cells [89] . Overall, the present study provides insights into the mode of action of the PCT analogs in HNSCC cells, which includes (1) induction of Cdc2 and its phosphorylation via the Cdc25-pCdc2(Tyr15) pathway, (2) concerted upregulation of p53, p21
Cip1/WAF1 and p27 kip21 , thereby contributing to cell cycle arrest at S/G 2 -phase and induction of cellular senescence (see Fig 8) . We further demonstrated that these two compounds do not inhibit protein synthesis in general and, therefore, are unique in function when compared to PCT, the parent compound. Fig 8 illustrates the mode of action of TM-025 and TM-026 in SCC25 and SCC104 cell lines. There are number of different compounds which are known to induce cell cycle arrest at G 1 /S or G 2 /M-phases [90, 91] . Many cytotoxic agents, which are used as chemotherapeutics, affect cell cycle phases in a very specific manner at precise stages, and have been widely used in the clinic as well as in basic research labs [92] . Elucidation of the biological aspects of tumor cell senescence offers plausible approaches for developing novel therapeutic strategies to stop the growth of tumor cells [53] . Hence, additional transcriptomic or proteomic analyses are necessary to identify those factors that directly mediate the anti-proliferative and cytotoxic effects of the newly characterized PCT analogs. The potential targets of these analogs in inhibiting cellular proliferation can also be identified via biotin conjugation of the PCT analogs followed by liquid chromatography-tandem mass spectrometry (LC-MS/MS) [93] . Analyses of the in vivo anti-tumoral effects of the two analogs might be useful to establish their therapeutic potential for prevention of HNSCC progression in humans. Given that the compounds are also active against normal cells, targeted drug delivery systems using nanoparticles loaded with the PCT analogs can be developed in the future.
Supporting Information Fig 7) : Tested at 95% significance, cyclin D1 showed a mild dose-dependent reduction in expression, while cyclin E was moderately upregulated. Considerable and significant (P<0.05) upregulation was also observed in the expressions of Cdc2 (Cdk1), phospho-Cdc2 (Tyr15), Cdc25C and phospho-Cdc25C (Ser216 
